Jet engine manufacturers have known for some time that mixer design has a strong influence on jet noise, but the correlation is unclear. In this paper we analyze the Reynolds averaged Navier Stokes (RANS) computed steady state flow fields of several mixer geometries for which the far field noise characteristics are known. We use the WIND CFD code and compare with recent experiments conducted at the NASA Glenn Research Center. Inferences are then made as to what correlations can be drawn between the RANS computed flow field and the experimentally determined far-field noise and how this information may be used as an aid in mixer design. For example, streamwise vortices hitting the nozzle wall and the free shear layer (as happens for the high penetration case) may limit the noise at low angles.
Introduction

W
ITH the introduction of increasingly strict airport noise regulations, jet engine noise has become a focal point of aeroacoustic research. To remain competitive, jet engine manufacturers have spent millions of dollars to reduce their far-field noise emissions. Government agencies will continue their research towards reducing jet engine noise in an effort to improve the quality of life in communities that lie adjacent to large airports. The fact that little is known about the actual mechanism of this turbulent noise generation makes this task all the more difficult.
While there are computational techniques to predict noise from round jets, these techniques and the computational power required to implement them have not yet been developed to the point of usefulness for design applications. The most computationally intensive of these techniques is direct numerical simulation (DNS).
1 Direct numerical simulations compute the flow field for all relevant scales with no turbulence modeling. In order to maintain stability and to capture high frequency noise the grid must be very fine. In order to keep the number of grid points from becoming excessive, direct numerical simulations must be run at low Reynolds numbers. The lower the Reynolds number, the larger the smallest turbulent eddies become. When DNS is properly implemented, it is extremely accurate because the Navier Stokes equations are being solved with no turbulence modeling and very little error. However, at the present time it is only useful as a research tool. This is because the extremely low Reynolds numbers do not reflect realistic noise prob- * Graduate Research Assistant, Student Member AIAA † Associate Professor, Senior Member AIAA. ‡ Professor, Associate Fellow AIAA.
lems and there are boundary condition issues which make complex geometries difficult or impossible to implement. To further complicate things, computed jet noise has been found to be dependent upon the inlet boundary conditions. 2 While future advances in computational power may eventually allow for more realistic Reynolds numbers, the dependence upon inlet boundary conditions will likely remain as a challenging research topic for some time.
Large eddy simulation (LES) is another computational technique that has become popular among researchers. This technique allows higher Reynolds number flows than the DNS. In LES large eddies are computed directly while small eddies are modeled by using a subgrid scale model or by simply filtering the flow. In practice filtering works like an averaging operation where the high frequency oscillations get smeared out. The main advantage of LES is that practical Reynolds numbers are more viable. This technique, however, has all of the other limitations of DNS plus one additional. There is currently no practical subgrid scale noise model. This means that all of the unresolved frequencies are lost. Uzun et al. 3−4 have recently been working towards higher Reynolds number LES computations where the sound field is computed with integral techniques. 5 They have completed a round jet computation with a Reynolds number of 400,000 and it is evident that a 1,000,000 Reynolds number computation will soon be feasible. Similar work has been completed by Bogey, et al. 6 In contrast to DNS and LES, in which realistic computations that include nozzle geometry are not practical, semi-empirical techniques are easily implemented. They have, however, not been particularly successful for forced mixed jets. The most common of these techniques is MGB, 7 which is based on Lighthill's acoustic analogy 8 and utilizes RANS data. Barber, et al. 9 attempted to predict noise from mixed jets using this technique. They obtained favorable results for axisymmetric forced mixed jets, but were less successful with lobed mixers. They found that MGB can predict the trend between lobed and non-lobed mixers, but it breaks down when comparing lobed mixers of different designs. They attributed this as being "largely due to the inability of the circumferential averaging procedure to represent the 3D problem".
The most desirable tool (empirical or otherwise) would be able to correlate some geometric design feature, flow parameter, or combination thereof directly to the noise generation properties of the jet. Although it is doubtful that any such idealized correlation exists, it is conceivable that qualitative correlations may be drawn between the averaged steady state flow characteristics of the jet and the far field noise. Such a correlation would aid in the development of quieter engines at a reduced design cost.
While this is a very open ended problem, the scope can be reduced somewhat by specifying a particular model of jet engine and varying certain aspects of the geometry in a way that is known to affect the far field noise. For example, the far field noise emitted from small internally mixed turbofan engines as used on regional jet aircraft is quite sensitive to the flow mixer geometry (see fig. 1 and fig. 2 ). With known experimental noise data for several different mixer geometries and the ability to compute a sufficiently accurate flow field efficiently, a study of manageable scope can be conducted so long as all other variables are held constant. Since the sound emission is assumed to be a function of the flow field structure, and similar flow field structures can be created by dissimilar hardware design, it is reasonable to expect the results of such a study to have a much broader application than the narrow scope of hardware on which the study is based.
The goal is to correlate some readily computable flow field characteristics to far field noise levels for a relatively broad class of engines (internally mixed turbofans with lobed mixers). The scope of the current paper is limited to a single model of internally mixed regional jet engine; and the variable under control is the lobe mixer penetration height as defined in figure 3 . To determine a useful correlation two things must be true. The noise must be a sufficiently strong function of some identifiable averaged flow field characteristic or structure; and the averaged flow field must be computable with sufficient accuracy and efficiency for the applicable flow field data to be available for study.
The main tool available for the computation of complex flow fields is the Reynolds Averaged Navier Stokes (RANS) solver. Modern CFD codes do a decent job of delivering steady state solutions, but there are many numerical techniques available and many turbulence models to choose from. There is no guarantee that two different numerical formulations will reach the same solution. Although they are all attempting to solve the Navier Stokes equations, different solvers will have varying amount of numerical dissipation and all turbulence models have strengths and weaknesses.
Taking all of these considerations into account, a logical progression of steps necessary to reach the research goal were determined, as follows:
1. Select a CFD code based on turnaround time, convergence, and solution quality considerations.
2. Explore the validity and practicality of modern turbulence models for the type of flow being studied, and select one or more turbulence models to continue the project with.
3. Determine the degree of grid dependence from test cases and modify the mesh if necessary. 4. Select the mixer geometries based on availability of geometry and experimental noise data. (It is required that there be some variation in acoustic performance among the geometries selected.)
5. Compute the flow fields for the different mixers.
6. Study the flow fields in detail, paying particular attention to vorticity and turbulent kinetic energy distributions.
7. Draw conclusions as to any correlations between the flow fields and the noise levels.
8. Determine what work if any should be pursued in the future to further augment or validate the research.
Implementation and results of these steps are outlined in the remainder of this paper. 13 was used for comparison of the two codes. After running many cases with both codes, and experimenting with many parameters to accelerate the convergence it was concluded that WIND was more stable for this application and converged to the solution much more quickly.
Selection of the RANS Code
14 The fastest ADPAC solution took approximately five days (10,000 iterations at 45 sec./iteration), while a superior quality 14 WIND solution was available in less than one and one half days, with twice as many processors running. The WIND solution was run for 15,000 iterations using a coarsened grid of 400,000 grid points (6.5 sec./iteration), before switching to the full grid of 800,000 grid points for the final 2,500 iterations (12.5 sec./iteration).
Because of its superior solution quality, turnaround time, and convergence performance, WIND was selected as the code for this application.
Selection of Turbulence Model
The two turbulence models under consideration were the Spalart-Allmaras one equation model 13 and the Menter SST two equation model. 15 These two models are the current state of the art for practical aerospace engineering applications. One aspect of Menter's model is that it is a combination of the k-ε and k-ω models where the k-ω model is implemented near solid walls and the k-ε model is implemented away from the solid walls. The k-ω model works well for solid wall boundary layers, whereas using the k-ε model away from solid walls overcomes the k-ω model's sensitivity to free stream boundary conditions.
The Spalart-Allmaras model was developed as a cost effective way to solve aerodynamic flows with airfoils as the primary focus. The fact that it was designed with such a narrow focus would suggest that the SpalartAllmaras model may not be ideal for more general flows; this however cannot be assumed. It is true that the Spalart-Allmaras model typically does a poor job of predicting round jets, however it is often noticeably less dissipative than the k-ε model. For the purposes of this study, excess dissipation may smear or wash out the relevant flow structures.
Both of the models were run on the same sixteen zone mesh of 1.7 million grid points. The computations were run in parallel on sixteen LINUX processors. Both of the solutions were completed with a turnaround time of less than one day. The SpalartAllmaras solution required seventeen hours to complete while the Menter SST required nearly twenty hours. We deemed both of these turnaround times as acceptable and decided to base our model selection purely on solution quality. Vorticity magnitude for WIND solution with Menter SST model at mixer exit plane. Vorticity magnitude for WIND solution with Menter SST model at nozzle exit plane.
As expected, the solutions from the two models were similar. After studying the cross sections of the flow, and particularly examining the vorticity magnitudes, the disparities between the two solutions became apparent. The Spalart-Allmaras solution was considerably less dissipative than the Menter SST solution. This is readily demonstrated by comparing the cross sections at the mixer and the nozzle exit for the two models. At the mixer the two flows are almost identical in their vorticity magnitudes and distributions; however, downstream at the nozzle exit the Spalart-Allmaras solution has nearly twice the peak vorticity magnitude and the flow structures are much more sharply defined. This is illustrated by comparing figures 4-5 with figures 6-7. Between the mixer and nozzle exit the streamwise vortex structures are largely diffused with the Menter SST model.
Side by side, the Spalart-Allmaras model appears to have a sharper, less dissipative, and therefore presumably superior solution to that of the Menter SST model. However, such a presumption is incomplete, and potentially misleading. Any true validation must include a comparison with experimental data or theory.
Figures 8-9 compare the square root of turbulent kinetic energy and mean axial velocity to PIV experiments conducted in the Spring of 2003 at the NASA Glenn Research Center. The square root of turbulent kinetic energy is shown only for the Menter SST solution because there is no practical way to extract turbulence intensity from the Spalart-Allmaras model. This data compares fairly well, but there are a few dissimilarities. Figure 8 shows that the turbulent kinetic energy in the outer shear layer tends to be distributed in a much more random fashion for the experiment than for the RANS prediction. The streamwise vortices and spoke-like projections from the center are also much more sharply defined in the RANS prediction. One possible explanation for this is that the experiment has a large scale unsteadiness that makes averaged measurements appear smeared. Figure 9 shows that the mean axial velocities also compare fairly well with the experiment. This is true for both models although the RANS solutions demonstrate the same problem of having excessively sharp and distinct flow structures. Notice that there is an extra area of high velocity near the stream-wise vortex in the SpalartAllmaras solution that is not present in the experiment or in the Menter SST solution. This appears to be a non-physical phenomenon. Because of its superior agreement with experiment, Menter's SST model was chosen for use in the rest of this project.
Grid Dependence
Before spending a great deal of time studying any solution it is a good idea to determine the degree of grid dependence. Due to the high cost of increasing the grid resolution, it is not uncommon for large solutions to have some degree of grid dependence. It is often not practical to refine a grid to the point where the solution does not change any with further refinement. It is, however, always a good idea to compare solutions of different grid refinement in order to determine some measure of the degree of this dependence.
At this early stage of the project, two different meshes had been used. The first mesh had 800,000 grid points and was clearly inadequate for resolving the boundary and free shear layers. The second mesh consisted of 1.7 million grid points and had ten times the solid wall grid resolution of the first mesh. A third mesh of approximately 8 million grid points was then created to investigate the issue of grid dependence by comparing its solution to that of the 1.7 million point grid. Comparing figures 10-11 to figures 12-13, the difference between the two solutions is rather insignificant. The turnaround time, however increased to approximately five days for the finer grid. Refining the mesh to the best possible solution is clearly not practical. Considering the immense increase in cost for very little gain, the degree of grid dependence was deemed tolerable and the 1.7 million point mesh was chosen for the subsequent studies.
Boundary layer resolution was also studied, and it was found that the y + values (as calculated by the WIND postprocessor) at the first point off the wall were on the order of several hundred in some areas. These values appear extremely high, even with the implementation of wall functions. White-Christoph wall functions have been used on all of the solutions, and the maximum recommended y + is 100. 12 It should be noted, however, that the WIND postprocessor defines y + based on the distance from the wall along the "normal grid line" where "normal" refers to the direction of the curvilinear index direction moving away from the wall. This works well if the "normal grid line" intersects the wall at nearly ninety degrees, but will give a high y + value if the line intersects the wall at a sharp angle. Upon inspection it was found that many of the areas of high y + were also areas where the cells were very skewed in appearance and thus tended to have high angles where the faces intersect the walls. These areas were primarily located near and around the the curved surfaces of the lobed mixers.
The boundary layers on the mixer walls were expected to have only a small effect on the overall solution, and this was confirmed by comparing the fully viscous wall solution with a solution in which the walls of the lobed mixer were run as inviscid. The two solutions had satisfactory agreement, so the grid was left unchanged. It should be noted that the area around the mixer is rather difficult to fit a structured grid to. A structured grid is most natural when the zone is rectangular in shape, but the zones that border the lobed mixer have complex curved contours.
Mixer Geometries and Effects on Noise
Four different mixer geometries at three different power settings were selected for this project. The variation in mixer geometry was limited to a single parameter, the mixer penetration. All noise data was taken by the NASA Glenn Research Center Aero-Acoustic Propulsion Laboratory (AAPL) facility and has been corrected to a fifty foot radius at 70 percent relative humidity, 98.595 kPa, and 298.3 K. 16 The four differ-ent geometries referred to as high penetration, medium penetration, low penetration and confluent (no penetration) exhibited significant variation in their acoustic performance.
In general, more mixer penetration causes more mixing, and a well mixed jet is expected to make less noise than a poorly mixed jet. This effect is due to the flow cross section being more uniform, and therefore lower in peak velocity for the well mixed flow. 17 This expected trend is confirmed by experiment for angles of above 130 degrees (measured with 0 degrees as pointing upstream and 180 degrees as pointing downstream), but is reversed below this angle as demonstrated by the overall sound pressure levels in figures 14-16. This reversal is a well-observed phenomenon that is commonly attributed to additional noise sources associated with the mixing mechanism.
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It seems that any gains made in reducing the noise in the high downstream angles and lower frequencies (frequency effects will be discussed later) is countered by a gain in noise for the upstream angles and higher frequencies. This is indeed the general trend, however upon closer inspection of the overall sound pressure level (OASPL) data we see that there seems to be upper and lower bounds on the amount of noise produced for low angles.
For the low and middle power settings, the OASPL of the low penetration mixer is of similar magnitude to that of the confluent mixer for angles of less than 120 degrees. This suggests that there is minimal noise contribution by the forced mixing for the low penetration mixer at moderate power settings. There is however a significant reduction in the noise for angles above 120 degrees. If the mixing intensity is decreased below the low penetration case then the noise at higher angles will increase and the low angle noise will remain roughly the same (as in the confluent case). If the mixing intensity is increased above the low penetration case, then the noise at high angles will decrease, but with a significant increase in low angle noise (as in the mid penetration case).
For more intense mixing there appears to be a case in which the limiting circumstances are at the opposite extreme. For the high and middle power settings, the OASPL of the high penetration mixer is nearly identical to that of the medium penetration mixer for angles of less than 120 degrees. There is however a significant decrease in the noise at angles above 120 degrees for the high penetration case. It appears that the mixing noise has been maximized by the medium and high penetration mixers at these power setting. However, the additional mixing of the high penetration case decreases the downstream jet noise with little penalty at upstream angles.
Another observation is that while the magnitude and shape of the OASPL curves change for different power settings, the low penetration and mid pene- tration curves are always contoured very similarly for angles of less than 110 degrees. This observation and the previous observation regarding upper and lower limits on the mixing noise suggest that the low and mid penetration cases are physically similar in some way, while the high penetration and confluent cases represent upper and lower bounds for this physical behavior. The limiting behavior of the confluent case is obvious in that it has no forced mixing, however the high penetration case needs to be studied.
Further insight can be gained by looking at the sound pressure spectra at sixty degrees as shown in figures 17-19. For the low and mid power settings, the high frequency noise is practically identical for the confluent and low penetration cases. Conversely, for the mid and high power settings, the high frequency noise is very similar for the medium and high penetration cases. This agrees with the idea that the low penetration mixer at low to moderate power settings creates about the same amount of mixing noise as the confluent case, and that the high penetration mixer at moderate to high power settings creates about the same amount of mixing noise as the medium penetration case. By examining the noise at 150 degrees in figures 23-25 we see however that at high angles there is a significant reduction in low frequency noise as the penetration is increased for all power settings. At 110 degrees in figures 20-22, the medium penetration case makes more noise than the high penetration case for the high power setting and peaks well above the high frequency case at about 10,000 Hz. This again suggests that the high penetration case exhibits physical behavior which limits the mixing noise. This effect is also present for the mid power setting, however it is less pronounced. The low power setting does not show this effect.
It should be noted that not all of the frequencies are of equal importance. The important quantity is the tone-corrected perceived noise level (L T P N ), which is the measure used in determining aircraft noise ratings. 18 In terms of annoyance, full scale frequencies between 1500 Hz and 5000Hz tend to be the worst for humans 17 with 3000 Hz being identified as the most annoying frequency. 19 Since all of the experimental results in this paper were performed at 1/4 scale, the results need to be divided by four to correspond to the full scale. This makes the medium penetration peak at 10,000 Hz for the high power setting very significant in terms of annoyance.
Effect of Penetration on the Flow Field
As documented in previous sections, a great deal of effort was put forth to investigate and validate the various CFD tools available for this project. After much experimentation and comparison with both experiment and with other schemes it was decided that the WIND code and Menter's SST turbulence model were the best of the available choices for the given application. Once the software and scheme were chosen, runs were made for the four different mixer configurations at the same conditions in which the acoustic jet tests were run. The computational grid was created at 1/4 scale for consistency with the acoustic test rig which was also at 1/4 scale. We were also in the position of having limited quantities of experimental data available for these cases. The data available at the time or writing was for the the axial velocity and the square root of turbulent kinetic energy for the high power setting only.
The general procedure was to study the computational and experimental flow fields noting behavior and trends that seem to correspond to the behavior and trends of the sound field. Any observations involving the experimental flow fields were of interest, however only those that could also be observed in the computed flow fields were considered potentially useful from a design standpoint.
The area within two nozzle diameters downstream of the nozzle exit was the most heavily studied. Within this area were five experimental measurement stations at 0.1, 0.2, 0.5, 1.0, and 2.0 nozzle diameters downstream. Figures 26-28 show the experimental and computed square root of turbulent kinetic energy at these cross sections for the low, medium, and high penetration cases. Figures 26-28 also show a computed cross section at the nozzle exit. These are all for the high power setting, however the low and mid power setting flow fields are qualitatively almost identical to the high power as shown in figure 29 . The confluent flow field is not shown because it is axisymmetric and therefore relatively simple in terms of flow structure.
One of the first things noticed about the experimental and CFD results was that the high penetration flow field has an immediate interaction between the streamwise vortices and both the nozzle wall boundary layer and the free shear layer of the jet. In the low and medium penetration cases the vortices, nozzle wall boundary layer, and external free shear layer are relatively undisturbed by one another. However, the high penetration case quickly replaces these relatively independent mechanisms with a more unified turbulent structure. This structure is assumed to have strong coupling effects and significantly different rates of viscous diffusion than those of either a free shear layer or a streamwise vortex. The streamwise vortices are somewhat distorted in the high penetration case, and this is probably due to interaction with both the free shear layer and the inside nozzle wall boundary layer before the vortices exit the nozzle. Likewise the free shear layer of the high penetration case is distorted from interaction with the vortices. This region is almost certainly more complex than similar regions for the other mixers in terms of the mean strain distributions, the rates of viscous diffusion, and most importantly the High power setting Mach number contours near the nozzle exit for the low penetration (left), mid penetration (middle), and high penetration (right) cases.
creation and destruction of turbulent noise sources.
In the near downstream region these effects are a significant if not dominant characteristic of the flow physics. Saiyed, et al. 20 suggested that this "residual mixing region" extends at least 1 to 1.5 nozzle diameters from the nozzle exit. Regardless of the actual distance, any sources attributable to the mixing mechanism would almost certainly have to occur before the streamwise vortices substantially mix. Another factor possibly affecting the noise generation characteristics of the jet is the presence of supersonic flow for all of the mixer geometries at the high power setting. As shown in figure 30 , shock waves are present inside the lip of the nozzle exit. The significance of these supersonic regions needs to be studied more, and no potential correlations have yet been identified with the sound field.
Assuming that the higher frequencies do primarily emanate from this near downstream region, and given the observations made regarding the unique aspects of the high penetration sound field and flow field, one speculative conclusion can be drawn. This is that the interaction of the streamwise vortices with the inside nozzle wall and then with the free shear layer has a beneficial effect in terms of limiting the maximum mixing noise without limiting the benefit of less downstream jet noise. Without further study of different configurations, this statement cannot be generalize. All relevant data does suggest, however, that designers need to look at flows that change the physics of the mixing process if they want real gains in performance. Simply increasing or decreasing the strength of the mixing mechanism such as with the low versus medium penetration cases tends to create a fairly wellbehaved and potentially predictable trade-off between thrust, high frequency noise at low angles, and low frequency noise at high angles. Changing the physics of the mixing mechanism similar to what was observed for the high penetration case can cause deviation from these trends.
It should also be noted that a reduction in noise does not necessarily mean a better design. The high penetration sound field does not in a general sense have good acoustic performance. It is loud, but for moderate to high power settings it is not louder at low angles than the mid penetration mixer and it is quieter at high angles. There is still the question of whether it actually does a better job of mixing the flow than the mid penetration mixer does. There is the possibility that the same flow phenomena that help reduce the noise also hurt the mixing (note that the high penetration vortex is farther from the center of the jet where a great deal of unmixed flow exists). The most important parameter is not noise or thrust it is thrust per "unit" noise. If less noise is made, but at the expense of thrust, then a higher throttle setting will be required which translates back to more noise. This is beyond the scope of this paper, but it is something that must be considered from a design standpoint. Unfortunately no thrust measurements were made during the experiments.
Conclusions
We used the WIND CFD code and Menter's SST turbulence model to compute the Reynolds averaged Navier Stokes (RANS) flow fields of different internal mixer designs. These flow fields were then compared to experimental noise data collected at the NASA Glenn Research Center Aero-Acoustic Propulsion Lab (AAPL). 16 Four different mixer geometries at three different power settings were selected for this project. The variation in mixer geometry was limited to a single parameter, the mixer penetration. The four different geometries referred to as high penetration, medium penetration, low penetration and confluent (no penetration) exhibited significant variation in their acoustic performance.
The sound fields produced by the low and mid penetration mixers were found to be similar in detail for angles of less than 110 degrees. It was also found that the Noise at angles of less than 120 degrees is bounded such that the high penetration mixer produces about the same overall sound pressure levels (OASPL) as the mid penetration for high throttle settings. Similarly it was found that the low penetration mixer creates about the same OASPL as the confluent case for low throttle settings. Depending upon the throttle setting, there is some overall benefit in reducing high angle noise by increasing the intensity of the mixing through increased mixer penetration. The low penetration mixer at low to moderate power settings did not create significantly more low angle noise than the confluent case, but it reduced the high angle noise of the confluent case considerably. Similarly, the high penetration mixer at moderate to high power settings reduced the high angle noise from that of the mid penetration case without increasing the low angle noise.
The flow field produced by the high penetration mixer configuration is quite different in detail from those produced by the low and medium penetration mixers. While the low and medium penetration mixers have separate streamwise vortices and free shear layers, the high penetration flow field has an immediate interaction and rapid merging of these distinctly different flow structures. There is also considerable interaction between the vortices and the boundary layer inside the nozzle. The result is a flow which is extremely complex in the region just downstream of the nozzle lip. We can argue that the streamwise vortices "hitting" both the nozzle wall and the free shear layer as the penetration is increased, limits the of low angle (mixing) noise being produced.
Future Directions
The long term goal is to gain enough understanding about how the flow physics affects the noise sources to apply this to a quantitative predictive tool for forced mixed jets. Garrison, et al. 21 have been working on such a tool. Their work is currently concerned with being able to represent the sound field of a forced mixed jet with only two sources without regard to the physical interpretation of those sources. If this can be accomplished, the next step would be to make a connection between those two sources and the types of flow characteristics discussed in this paper.
In the short term, more work needs to be done in studying the flow in the farther downstream regions to determine if there is any correlation between high angle noise reductions and the computed flow quantities.
